We have studied deformation behavior of two kinds of iron-doped Ti-Ni shape memory alloys under tensile stress applied in the [111] direction. One is Ti-46Ni-4Fe (at%) alloy which transforms to the R-phase and the other is Ti-44Ni-6Fe (at%) alloy which transforms to the commensurate phase (C-phase) in the cooling process. The stress-strain curve measured in the R-phase region shows a residual strain due to rearrangement of variants while that measured in the C-phase shows a pseudoelastic behavior characteristic to stress-induced martensitic transformations. The strain-temperature curve measured under constant stress shows an obvious transformation strain associated with the transformation to the R-phase, while a bend point appears associated with the transformation to the C-phase.
Introduction
Martensitic transformations in Ti-Ni based shape memory alloys have attracted considerable attention partly due to the wide range of practical applications of the alloys and partly because of the various kinds of martensite phases formed in the alloys.
1) The parent phase of Ti-Ni based shape memory alloys has the B2-type structure and the representative martensite phases formed in these alloys are the monoclinic B19A-phase, the orthorhombic B19-phase and the trigonal Rphase. Substitution of iron for a part of nickel decreases largely the B2-B19A transformation temperature, and expands the temperature range of the R-phase.
2) The martensitic transformation to the R-phase in iron-doped Ti-Ni shape memory alloys is preceded by the formation of incommensurate phase (IC-phase). 3, 4) The IC-phase is characterized by the appearance of diffuse satellites at incommensurate position near the commensurate 1/3[110]* position. 3, 4) (In this paper index are given in the parent B2-phase, and the asterisk implies reciprocal lattice). The appearance of the diffuse incommensurate satellites is reported to be the consequence of nesting effect of the Fermi surface of the B2-phase. 5, 6) The position of the diffuse satellites of the IC-phase depends on temperature. It approaches the exact 1/3[110]* position on cooling. 7) In the R-phase, on the other hand, the position of the satellite does not move. 7) It is located exactly at the commensurate position corresponds to 1/3[110]*. Therefore, the IC-phase can be interpreted as the precursor of the R-phase. 8) It is also reported that the IC-phase is composed of spherical nano-scale domain-like microstructure, 9) while the R-phase is reported to be composed of selfaccommodated microstructure with definite twinned interfaces. 10) The transformation temperature to the R-phase (M s ) in Ti-(50-x)Ni-xFe alloys decreases nearly linearly with increasing iron content up to x = 5.7 at%.
11) Then the first order nature of the transformation suddenly disappears at the iron content of about 6 at% (Ti-44Ni-6Fe). 11) That is, the latent heat does not appear in differential scanning calorimetry in the Ti44Ni-6Fe alloy. 11) In addition the electrical resistivity curve of the alloy shows no detectable temperature hysteresis between the cooling and heating processes. 12) Furthermore, the separation of the 220 reflection, which is observed in association with the R-phase transformation, cannot be detected by X-ray diffraction in the Ti-44Ni-6Fe alloy. 12) Nevertheless, the Ti-44Ni-6Fe alloy exhibits diffuse satellite reflection at incommensurate position when electron diffraction experiments are made, and the satellite moves to the exact 1/3[110]* position as temperature decreases, and lock-in to the 1/3[110]* position like the R-phase.
5) The state of the Ti-44Ni-6Fe alloy showing satellite at the commensurate position is termed as commensurate phase (C-phase).
11)
The C-phase is distinguished from the R-phase because of the disappearance of the apparent first-order nature of the transformation as mentioned above. There is one more important difference between the C-phase and the R-phase. The microstructure of the C-phase is nearly the same as that of the IC-phase. It is composed of nano-scale domain-like structure, 13) not the self-accommodated microstructure of the R-phase composed of clearly twinned interfaces.
10)
The present study is motivated to understand the relation between the C-phase and the R-phase from mechanical behaviors. Shape memory alloys exhibits characteristic stress-strain curves at fixed temperature associated with rearrangement of variants and stress-induced transformation. 1) They also exhibit characteristic stress-temperature curves for thermally-induced transformation under fixed stresses.
1) Therefore, measurements of these curves will help us to understand the relation between the C-phase and the R-phase. We prepared a single crystal of Ti-46Ni-4Fe alloy which transforms to the R-phase and that of Ti-44Ni-6Fe alloy which transforms to the C-phase. We applied tensile stress in the [111] B2 direction because the R-phase is known to be expanded in this direction 14, 15) compared with the parent B2-phase.
Experimental Procedure
Button ingots of Ti-46Ni-4Fe (at%) and Ti-44Ni-6Fe (at%) alloys were prepared by arc melting method. The starting materials were sponge titanium (99.7 mass%) and nickel pellet (99.9 mass%). We term these alloys as the 4Fe and the 6Fe alloys in this paper. A single crystal of these alloys were prepared by floating zone method under a flow of purified Ar gas. The crystals were heat-treated for homogenization at 1273 K for 24 h and quenched into ice water. From each single crystal, a specimen for tensile test was cut out. The dimension of the specimen was 50.0 mm in length, 6.1 mm in width and 0.5 mm in thickness for the 4Fe alloy, and it was 45.5 mm in length 5.6 mm in width and 0.85 mm in thickness for the 6Fe alloy. The specimens were heat-treated at 1273 K for 1 h followed by quenching into ice water. The surface of the specimens was electropolished by using an electrolyte composed of 95 vol% of CH 2 COOH and 5 vol% of HClO 4 .
Tensile tests of the specimens were made by a tensile machine (SHIMAZU AG-I 50kN M1) and the temperature of the specimen was controlled by a thermostatic chamber (SHIMAZU TCL-N2). A strain gage (KYOWA KFL-02-120-C1-11) was attached on the surface of the specimen using a glue (KYOWA PC-6) to monitor the strain. Tensile stress was applied with a strain rate of 5 © 10 ¹5 /s. Thermal cycle experiments under constant stress were also made by using the same instrument. During the measurements, a T-type thermocouple was attached on the surface of the specimen.
We also prepared specimens for electrical resistivity measurements and differential scanning calorimetry (DSC) in order to check that the alloy prepared in the present study exhibits the same thermally-induced transformation behavior as reported before.
12) The heat-treatment of these specimens was the same as described above.
Results

Transformation behaviors under zero stress
In order to check the transformation behavior of the alloy prepared in the present study, we measured electrical resistivity as a function of temperature. Figure 1 shows the resistivity curve of the 4Fe and 6Fe alloys measured in the cooling and the subsequent heating processes. The 4Fe alloy exhibits a sharp increase in resistivity starting from 246 K (= M s ) due to the B2-R transformation as reported previously. 12) There is a temperature hysteresis of about 2 K between the cooling and the heating curves, and the reverse transformation finish temperature (A f ) is 248 K. In case of the 6Fe alloy, the resistivity shows a minimum at 206 K, and negative temperature coefficient can be seen below this temperature. Nevertheless, the hysteresis between the cooling and heating process is negligibly small, and it has an inflection point near 160 K. Taking into account of previous study on transmission electron microscope, 13) we may regard that the state of the present specimen is the B2-phase above 206 K, incommensurate phase (IC-phase) between 206 and 160 K, and the commensurate phase (C-phase) below 160 K.
We also examined entropy change of the transformation by DSC measurement. Figure 2 shows DSC cooling and heating curves of the 4Fe and the 6Fe alloys. The 4Fe alloy exhibits an exothermic peak in the cooling process and an endothermic peak in the heating process. The latent heat evaluated by the area of the cooling curve is approximately 100 J/mol, where we take the base line as shown in Fig. 2 by considering the discussion in a reference.
16) The entropy change for the transformation evaluated from the latent heat is ¦S = 0.05 R, where R is the gas constant. On the other hand, the 6Fe alloy exhibits no peak for both the cooling and heating processes. This implies that apparent latent heat, which occurs in first order transformation, is missing in the 6Fe alloy. Figure 3 shows stress-strain curves of the 4Fe alloy measured after cooling the specimen under zero stress from the room temperature to the set temperature. The zero point of the strain is shifted so as to separate each curve. At 263 K and higher temperatures, the stress-strain curve is linear, and there is no hysteresis between the loading and the unloading processes. This is typical elastic behavior. At temperatures 223 K and lower, we notice a clear stage in the loading process. Since these temperatures are below the M s temperature, the stage should be due to the rearrangement of variants in the R-phase. That is, the variant with its c-axis in the tensile direction grows consuming other variants. In the stress removing process, a part of the strain recovers possibly due to internal stress. However, a large residual strain remains. We have confirmed that the residual strain recovers completely associated with the reverse transformation when the specimen is heated above the A f temperature. The stressstrain curve of the R-phase resembles that reported for a binary Ti-Ni alloy exhibiting R-phase transformation. 17) We notice a small hysteresis at 253 K, which is slightly above the A f temperature determined electrical by resistivity. The hysteresis is probably due to the stress-induced transformation to the R-phase. The reason of the small residual strain at this temperature is not clear. One possibility is that the A f temperature of a part of the specimen for the tensile test is higher than 253 K because of fluctuation of the composition in the single crystal. Figure 4 shows tress-strain curves of the 6Fe alloy. At 200 K and higher temperatures, the stress-strain curve shows a liner behavior. At 180 K, obvious nonlinearity can be seen. When the test is made in the C-phase region (140 K and below), a notable hysteresis appears between stress applying and removing processes. The hysteresis becomes significant as temperature decreases. Most of the strain recovers in the stress removing process, but a small residual strain appears below 120 K. The hysteresis and the recovery of most of the strain implies that stress-induced martensitic transformation occurs when the stress is applied to the C-phase of the 6Fe alloy. We discuss the behavior in Section 4.1. Figure 5 shows strain-temperature curves of the 4Fe alloy. Measurements were made in the cooling process and the subsequent heating process. Under the stress of 0 MPa, the specimen contracts nearly linearly with decreasing temperature for both the parent and the R-phase regions. Under the stresses of 50 MPa, 100 MPa and 200 MPa, the specimen shows a significant increase in strain associated with the Rphase transformation. We notice that the hysteresis increases with increasing stress, and the value under 200 MPa is about 8 K, which is about four times of that under zero stress ( Fig. 1(a) ). Release of internal stress in the R-phase due to preferential arrangement of variants under the tensile stress will be responsible for the increase in hysteresis. The profile of the strain-temperature curve of the 4Fe alloy resembles that reported for a binary Ti-Ni alloy. 18 ) Figure 6 shows strain-temperature curves for the 6Fe alloy. Under stress of 0 MPa, the specimen contracts nearly linearly as temperature decreases. The behavior is the same as that of the 4Fe alloy. However, under the stress of 50 MPa and higher, the curve is completely different from that in the 4Fe alloy. There is no sharp increase in strain, and no detectable temperature hysteresis. Nevertheless, we can observe a broad bending of the curve between 200 K and 150 K, and the specimen expands in the [111] direction as temperature decreases. We discuss the behavior in Section 4.3. 
Stress-strain curves under constant temperatures
Strain-temperature curves under constant stresses
Discussion
Transformation strain
The strain-temperature curve of the 4Fe alloy exhibits a clear jump in strain associated with the R-phase transformation (Fig. 5) . The jump in strain ¦¾ is about 0.13% under the stress of 200 MPa. Considering the first order nature of the transformation, ¦¾ should be related with the stress dependence of the M s temperature by the ClausiusClapeyron equation (dM s /d· = ¹"¾/"S). From Fig. 5 , we can read that the slope (dM s /d·) is about 0.03 K/MPa. The entropy change ¦S is 0.05 R (= 5 © 10 4 J/m 3 ) as mentioned above. Therefore, ¦¾ evaluated from the ClausiusClapeyron equation is about 0.15%. We may regard that this value is in agreement with measured value of ¦¾ (0.13%), considering the precision of latent heat and strain measurements.
By comparing Figs. 3 and 4 , we notice that stress-strain curves measured in the C-phase region is obviously different from those measured in the R-phase. That is, the large residual strain observed in the R-phase (Fig. 3) is missing in the C-phase (Fig. 4) . However, we notice that the strain of the 6Fe alloy at 85 K under the stress of 150 MPa (¾ = 0.53) is almost the same as that of the 4Fe alloy under the same stress at 143 K. Considering the recovery in strain and appearance of hysteresis as well as the agreement in strain, we may expect that stress-induced transformation occurs in the 6Fe alloy under the stress. The transformation strain is roughly estimated as 0.2% at 85 K from a rather flat region of the stress-strain curve (Fig. 4) . The estimated transformation strain is the same order as that for the R-phase transformation at the M s temperature (0.13%) mentioned above. Therefore, the recoverable strain with hysteresis in Fig. 4 is likely due to stress-induced transformation from the C-phase to the Rphase, although the confirmation of the crystal structure under the stress is not made yet.
Young's modulus
The Young's modulus in the [111] direction is related with the elastic constant C 44 and the bulk modulus K as 1/E [111] = 1/(3C 44 ) + 1/(9K). 19) Therefore, the evaluation of the Young's modulus provides us important information related with the softening of the elastic constant C 44 associated with a martensitic transformation. Figure 7 shows the Young's modulus of the 4Fe and the 6Fe alloys evaluated from the initial slope of Figs. 3 and 4 .
In case of the 4Fe alloy, E [111] decreases with decreasing temperature for T > M s , while it increases with decreasing temperature for T < M s . This result implies that softening occurs in the parent B2-phase but hardening occurs in the R-phase as temperature decreases. The softening of E [111] is consistent with the softening of C 44 prior to the R-phase transformation, which is reported previously in an Ti-48Ni-2Fe alloy. 20) In case of the 6Fe alloy, E [111] decreases with decreasing temperature for all the examined temperature range. In particular, the softening is significant in the vicinity of the IC-C transformation temperature. It should be noted that although E [111] of the R-phase increases as temperature decrease, that of the C-phase decrease. The difference in elastic behavior between the C-phase and the R-phase implies that the two-phases are different phases in nature.
Path dependence of the transformation
As described in Section 4.1, the hysteresis in stress-strain curves in Fig. 4 is likely related with the stress-induced martensitic transformation from the C-phase to the R-phase. If the R-phase is formed by the stress application at 85 K, we may expect that the R-phase should also form by cooling the specimen to 85 K under the tensile stress.
In Fig. 6 , we notice a clear increase in strain in the cooling process of the 6Fe alloy under 200 MPa. The strain at 85 K under 200 MPa is about 0.2%, while that under 0 MPa is about ¹0.3%. The difference in strain at 85 K is about 0.5%, this value is nearly the same as the strain induced by applying stress at 85 K as seen in Fig. 4 (0.6%) . The agreement of strain suggests that the state of the 6Fe alloy at 85 K cooled under 200 MPa is again the R-phase state.
However, we notice that the strain-temperature curve under 200 MPa (Fig. 6 ) exhibits no hysteresis between the cooling and heating processes. We may expect the existence of hysteresis if the specimen transforms to the R-phase. Presumably, one of the characteristic feature of the first order transformation have disappeared or have been smeared when the specimen is cooled under tensile stress. The reason of the path dependence for the transformation behavior is not clear. It could be the consequence of non-equilibrium characteristic of the C-phase such as so-called strain glass behavior. 21, 22) Observation of change in crystal structure under stress is the subject in the future.
Conclusions
Mechanical behavior of the R-phase and C-phase have been investigated by tensile tests and thermal cycle tests under [111] tensile stress. Although the R-phase shows a large residual strain because of the rearrangement of variants, most of the strain recovers in the C-phase. Probably, stress induced C-R transformation occurs in the Ti-44Ni-6Fe alloy. The Young's modulus of the R-phase increases as temperature decreases, but that of the C-phase decreases. It is likely that the C-R transformation behavior depends on transformation path. 
